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Abstract 
A proton-therapy hospital installation, based on multiple beam extraction systems from a fixed-field synchrotron, is presented 
and commented. Potential interest as hospital operation efficiency, as well as estimates of the impact of continuous, multiple-port 
extraction, on the cost of a session, are discussed. 
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1. Introduction 
Hadron-therapy nowadays is based on the use of synchrotron or cyclotron accelerators. However, potential and 
interest of fixed-field alternating gradient accelerators (FFAG) in this type of application, in various ways which will 
be recalled here, have been addressed in diverse studies (Antoine (2009), Yokoi (2005), Meyroneinc (2001)). 
 
 Based on the specificities of the FFAG technology, and using appropriate RF systems (Ohmori (2008)), the 
principles of a hadron-therapy treatment center that would exploit multiple, continuous extraction to several 
treatment rooms, can be devised (Méot (2011)) (Figs. 3 and 5). The present report addresses and discusses the 
various aspects and the potential advantages of the FFAG technology, compared to state-of-the-art hadron-therapy 
installations. 
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         This study and the arguments that it convenes do not intend to be understood as bringing proofs of 
feasibility. Neither does this study want to conclude on the trends of the method in the matter of costs. In that 
respect, Euro amounts discussed in section 5 are there purely as an indication and for relative cost comparisons, 
without any aim of rigid statements. The goal of this study is, rather, to contribute to the on-going discussions in 
these fields and to bring ideas which are thought to be profitable to the use of hadron-therapy as a method to fight 
cancer.  
 
      The FFAG method is addressed in section 3, the application of multiple-port, simultaneous extraction in a 
hadron-therapy center is addressed in section 4. An economical impact study is discussed in section 5.  
2. State-of-the-art  
 The use of hadron beams for radiotherapy has been proposed in 1946 (Wilson (1946)). The technique leans 
on the property of the “Bragg peak”, whereas the dimensioning of the accelerator (its energy) is directly related to 
the Bragg peak depth and the nature of the particle used (Fig. 1). 
                                                    
Figure 1: Bragg peak penetration. The particle beam looses most of its energy at the end of its energy range. Bragg peak penetration depth can be 
varied by changing the beam energy, according to the rule : depth [cm]  (Meyroneinc (2012)).  
 
 A schematic layout of a typical proton-therapy installation is shown in Fig. 2. The accelerator 
(asynchrotron or, more often a cyclotron), features a single extraction beam line, which splits towards five treatment 
rooms further down the line. Beam delivery to the rooms is thus by nature sequential. Simultaneous extraction from 
more than one port, from synchrotrons * or cyclotrons † , is doable, however of reduced interest in the former 
technology given the limited average intensity that can be delivered, whereas the latter would have to face increased 
issues of extraction losses in a medical environment.  
 
 
 
* It was envisaged in the design of Loma Linda, yet not applied due to presumed difficulty of the management of simultaneous, multiple-port 
beam (Coutrakon (2014)). 
† Confer the ARRONAX isotope production installation based on a cyclotron with two extraction systems (Martino (2007)). 
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Figure 2: A classical hadron-therapy center  layout, with the same characteristics and functionalities as the cylindrical building version in Fig. 3, 
both worked out (Cappai (2009)) for the purpose of the technico-economical comparison between sequential and continuous beam delivery as 
discussed in this paper. Typical size of the building is 45x85 m.  .  
A hadron-therapy installation based on the FFAG method  
 The FFAG technology allows overcoming critical limitations of the synchrotron and cyclotron methods in 
the hadron-therapy application, and devising an effective multiple-port treatment layout, as follows. 
 
 The potentially innovative principles introduced here are based on so-called “scaling FFAG” methods as 
produced by the RACCAM study (see Antoine (2009), Ohmori (2009), Méot (2011) for details regarding the 
technical parameters of the ring, the beam delivery method, and their relationship to the irradiation dose capabilities 
as assumed here). These principles apply as well to so-called “non-scaling”, or “linear” FFAG designs (see Prior 
(2007) for details regarding the various FFAG concepts). The latter include the EMMA type of linear FFAG ring, a 
demonstrator built and studied at Daresbury (see Machida (2012) for more details ), and the PAMELA hadron-
therapy FFAG design at the John Adams Institute in Oxford (see Peach (2010) and Yokoi (2009) for more details). 
Fixed-field scaling lattice parameters and other magnet and RF technological options in the present RACCAM 
design will not be discussed here, however many details can be found in Antoine (2009), Ohmori (2008) and 
Planche (2009). Various techniques for cycle-to-cycle energy variation, an important argument in the medical 
application of the FFAG technology, have also been studied elsewhere (Antoine (2009), Prior (2007)) and will only 
shortly be addressed, when relevant, here. 
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Figure 3: An FFAG ring with five extraction ports and fast cycling provided by two RF cavities (the red boxes), capable of 5 Gy per minute and 
simultaneous proton beam delivery to five independent treatment rooms. In this principle scheme, the injector is a 10-17 MeV variable extraction 
energy H- cyclotron  located in the central region of the installation  (the orange cylinder). The blue spiral shaped components are the FFAG main 
dipoles.  
 
 An FFAG ring can be equipped with N  extraction systems, distributed around the ring, as sketched in 
Fig. 3. Assuming an acceleration cycle with repetition rate rr , it results that any of the N  extraction lines can 
deliver beam sequentially to the treatment rooms at an average rate of Nrr/  each, a quasi-simultaneous delivery 
from room’s viewpoint. In a practical manner, a repetition rate in the few tens of Hz fulfills nowadays standards of 
2 Gy par minute dose delivery. Such repetition rate has been achieved at existing FFAG installations (Machida 
(2003)), more is feasible (the old Orsay Proton-therapy Center synchrotron-cyclotron with a rotating capacitor RF 
system used to be operated at 400 Hz), if dose increase would be of interest in the future. 
 
Figure 4: A schematic kicker-septum configuration. A two-kicker scheme here illustrates a possible method of flexible steering of the beam 
towards extraction septum and thus variable extraction energy, in a 140-180 MeV range here.  
 
 Fast single-turn extraction is part of the method and allows bunch-to-pixel type of scanning. Kicker-septum 
extraction assembly required for that goal, has been experimented (Prior (2007)) and shown (Antoine (2009)) to be 
appropriate in the present spiral FFAG ring design. Multiple-kicker extraction would further bring the capability of 
bunch-to-bunch variable energy extraction (one method for variable energy, amongst other explored, see 
Antoine (2009)). This is schemed in Fig. 4 : while the accelerated beam spirals outwards, by synchronizing the 
extraction kicker on the turn number, an energy can be selected. An extraction system spanning an about 40 MeV 
energy range is shown here to be feasible, as an illustration. Energy resolution is determined by the acceleration rate, 
namely a few keV per turn for 2 Gy/minute dose delivery, which means extracted beams with energy steps 
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compatible with the required resolution of the Bragg peak range in medical applications. Such synchronized double-
kicker and septum system has been installed and routinely used, for beam injection as well as extraction, in the 
EMMA experimental non-scaling FFAG (Machida (2012)). 
3. A dedicated treatment center  
 A scheme of a dedicated treatment center, taking profit of the N -port simultaneous extraction, has been 
devised, Figs. 5, 6. The symmetry of the building is adapted to that of the accelerator and its beam extraction 
system. Each beam line out of the FFAG ring is directed toward a treatment room, beam can be delivered at each 
room independently of the others at a rate ensuring 2 Gy/minute delivery, and potentially beyond with appropriate 
bunch intensity and/or acceleration cycle repetition rate. 
 
 The FFAG ring is located in the basement of the building, Fig. 6. The beam lines have vertical deviation so 
to reach the horizontal level on the upper floor. Patient preparation rooms and other medical and administrative 
premises are fitted into this layout, in the central area of the building as well as between the treatment rooms. 
 
 Potential advantages of this N -port polygonal arrangement of the beam extraction and delivery, compared 
to classical rectangular layout (Fig. 2), are manyfold, as (Mazzara (2010)): 
 
x potential for more treatments, overall, 
x potential for more beam time in a room (Meyroneinc (2010)), 
x allowing independent beam delivery for R&D programs as radiobiology, accelerator and beam developments, 
x minimizing the building and architectural surfaces as well as the distances between the various medical zones, 
x therefore minimizing the distances to be covered by patients and medical staff, 
x minimizing the manpower needed to operate the treatment center, 
x reducing the building construction and operation costs, 
x improving various architectural aspects as lighting, radiation shielding, etc. 
 
 These considerations meet the objectives of reducing treatment cost, so to bring it closer to that of the (X-
ray) Intensity Modulated Radio-Therapy (IMRT) and to improve the economical effectiveness of the hadron-therapy 
method. 
4. Economical impact 
A medico-economical study of this multiple-extraction, FFAG-based hospital, and an estimate of the 
impact of these methods on the cost of a treatment session, have been performed (Mazzara (2010)). This was done 
in collaboration with architect and civil engineering companies specialized in hospital construction (Cappai (2009)). 
For the purpose of comparison with existing installations (as schemed in Fig. 2), this particular costing accounts for 
the totality of the equipments in the hospital, including the accelerator, beam lines and four proton gantries, other 
medical equipments, and accounts as well for the building investments and operation. 
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Figure 5: A top view of a hadron-therapy treatment center with five rooms, exploiting a /52S  symmetry which the FFAG method allows. The 
FFAG ring is located in the basement of the building at its center. The overall surface of the installation is 6500 m2 (Cappai (2009)).  
 
 
Figure 6: A cross-sectional view of the polygonal layout hadron-therapy installation, with the FFAG ring on the underground floor (“MACHINE 
PROTON”), and treatment (“SALLE DE TRAITEMENT”) and medical (“CONSULTATION”, “ACCUEIL”) areas on the ground floor (Cappai 
(2009)). The ground floor space is sized to allow housing a carbon spiral ring (it would have a diameter of 15 m about, see Qin (2011)).   
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5.1 Operational cost 
 
 A hadron-therapy center is generally equipped with 2=N  to 4 treatment rooms (vaults in the following) which are 
continuously operated over a given number of hours per day ( dayt ). While the beam is being delivered in a vault, in 
the other treatment rooms radiotherapists devote that time to patient preparation or to  post-treatment room 
reconditioning. 
 
 In case the total time for the sequential treatments is longer than the sum of the preparation and 
reconditioning time, each vault is affected by a dead-time (Fig. 7 (top chart)), quantified by the vault occupation rate 
BOR: 
 
                                                                             (1) 
 
(typical times are, preparation stage 8|prept  min, treatment stage 7|treatt  min, patient reconditioning stage 
7|rect  min, for a total 22|  minutes. This is the actual value taken for the reference session duration in the 
economical study (Mazzara (2010)). This indicator is 100 % for a classical treatment center with 3 vaults, and 
decreases from 4 vaults on (the reference “REF”, red curve in Fig. 8). 
 
 
 
Figure 7: Planning of treatment sessions based on 4 rooms (“salle 1” to “salle 4”) in a sequential (top chart) and in a continuous (bottom chart) 
beam delivery scheme. The sequential treatment imposes dead time intervals where the room is idle (the white gaps between the colored tprep, ttreat, 
trec periods of time in the chart), whereas the simultaneous beam delivery does not feature such idle periods.  
 
A vault working rate “ RW ” can also be defined, allowing for quality control, maintenance and breakdown periods, 
etc., and yields the average daily capacity,  
 
rectreatprep
day
day ttt
t
RWROBNn uuu=  (2) 
Estimates so obtained are represented in Fig. 8 for 14=dayt  hours daily treatment time. For the considered 
22 minutes session time, a sequential organization reaches its maximal capacity with four vaults and a vault 
occupation rate 92|ROB  %. Beyond four vaults the ROB  decreases (Fig. 8). The present FFAG-based scheme 
assumes simultaneous beam delivery to the N  vaults, allowing 100|ROB  % whatever N . Treatment capacity 
is then 36 % higher, and increases linearly with the number of vaults. 
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Figure 8: Treatment capacity (sessions per day) in a classical sequential beam delivery for reference (the “REF”, orange curve), and in three 
different operational modes of the FFAG-based installation : fully sequential (top scheme in Fig. 7) (curve 1), fully continuous (bottom scheme in 
Fig. 7) with 30 patients/FTE (2), fully continuous with 56 patients/FTE  (“Full-Time Equivalent") (3) (Mazzara (2009)).  
  
A medico-economical modeling software has been built and validated against a series of published cost estimates 
regarding both IMRT and proton-therapy center operation (Huybrechts (2007), Peters (2010), Lambin (2005)), 
yielding agreement on session cost within a few % (Mazzara (2010)). The estimates addressed below are based on 
this software tool. 
 
The cost of the FFAG-based hospital building is estimated to be 20 MEuro, for a surface of 6500 m 2 . With the 
most recent parameters (Peters (2010)), and assuming five treatment rooms, including four gantries, and a 
conventional sequential delivery, the cost of a session would be 628 Euro instead of 762 Euro in a classical proton 
installation (Fig. 2), lower but not so different at first sight. However the FFAG-based multiple-port beam delivery 
further allows substantial optimizations leaning on: 
 
x increase of treatment capacity, 
x cost of machine installation and operation similar to 
cyclotron ones, 
x smaller surface of the treatment areas compared to 
classical layouts, 
x optimized organization of hospital operation, close to a 
X-ray radiotherapy center, namely toward 30-50 patients per full-time equivalent personnel (FTE) (Huybrechts 
(2007), Peters (2010), Lambin (2005)). 
 
The medico-economical study performed indicates that, accounting for these specifities of an FFAG-based 
installation, the reduction in cost ranges from 36%, if a classical 30 patients/FTE is considered, to 48% if an IMRT-
like 56 patients/FTE ratio is considered, which could be regarded as an achievable goal in the future. 
5. Conclusion   
 The installation subjected to costing here is based on a proton FFAG ring in the 250| MeV upper energy range. 
However, further impact on treatment cost may stem from reduced coverage, an “eye treatment center” for instance, 
based on a 80 MeV ring instead, or a “head-neck treatment center”, based on a 180 MeV ring. Another option of 
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interest (Flanz (2009)) could be to have specialized rooms (e.g., eye, head-neck, deep-sitted tumors), with each one 
its dedicated, reduced energy range (a few 10s of MeV), which would have the impact of simplified and safer 
machine operation as well as beam planning and handling. 
  
 Further, the multiple-extraction FFAG ring technique and the treatment area layout described here can be 
applied mutatis mutandis to carbon beams, in particular an accelerator providing about 30 cm Bragg peak depth 
(about 430 MeV/u), together with its FFAG injector (about 60 MeV/u carbon, 230 MeV proton) would fit into the 
ground floor room as schemed in Figs. 5, 6. 
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